Introduction {#Sec1}
============

Koenig et al.^[@CR1]^ suggested that one possible cause for the large decrease in adhesion toughness for multilayer graphene films in comparison to monolayer ones is the roughness of the substrate surface. Multilayer graphene films may conform less well to the substrate than monolayer ones. Koenig et al.^[@CR1]^ made roughness measurements on the top surfaces of graphene films and found a large drop in roughness from monolayer to two layer; however, they also found a large drop from two layer to three layer. This suggests that the roughness of the substrate surface is unable to explain the large decrease in adhesion toughness. To investigate the effect of interface roughness further, Gao and Huang^[@CR2]^ argued that the rough surface of silicon oxide causes graphene films to bend; hence, the total adhesion energy consists of both van der Waals interaction energy and a negative contribution of bending strain energy. By assuming the substrate to have a sinusoidal rough surface, they attempted to calculate the adhesion energy. They concluded that the large decrease in adhesion toughness from monolayer to multilayer graphene films is due to the increase in bending strain energy caused by the large increase in the bending stiffness. Jiang and Zhu^[@CR3]^ measured the van der Waals interaction energy between monolayer graphene films and silicon oxide substrate using atomic force microscopy. Their measurements show, however, that the roughness increases the interaction energy. In contrast, He et al.^[@CR4]^ studied the large decrease in adhesion toughness from another perspective. They proposed that the total adhesion energy consists of both van der Waals interaction energy and residual in-plane strain energy due to lattice mismatch strain at the graphene film-silicon oxide interface. Their results show that the van der Waals interaction energy remains nearly the same for graphene films with any number of layers, but that the residual in-plane strain energy and Young's modulus decrease sharply from monolayer to multilayer graphene films. Koenig et al.^[@CR1]^, however, reported convincing experimental results that show a constant Young's modulus. This observation provided a solid foundation for their subsequent adhesion toughness calculations using a continuum mechanics approach.

Koenig et al.^[@CR1]^ also suggested possible sliding between graphene layers in multilayer graphene films. The present work follows Koenig et al.'s^[@CR1]^ continuum mechanics approach but with consideration for the interlayer shearing and sliding effect. Furthermore, the present work considers the effect of shearing and sliding on the fracture mode mixity. This is an important consideration, since interface adhesion toughness is not a purely intrinsic material property, but instead also depends on the mode mixity.

Note that the fracture mode mixity and the interlayer shear and sliding effect are not considered anywhere in the current analytical mechanical models^[@CR1]--[@CR10]^ and we argue that this has caused confusion when calculating adhesion toughness. Cao et al.^[@CR11],[@CR12]^ did, however, recently report studies on adhesion toughness between photoresist films and copper substrates using blister tests and the finite element method. Two types of film are considered: One is pure photoresist film and the other is combined photoresist film and a monolayer graphene. Mode mixity is considered by using cohesive zone modelling.

The present work shows that adhesion toughness is mode mixity dependent, and that interlayer shearing and sliding near the blister crack tip, caused by the transition from membrane stretching to combined bending, stretching and through-thickness shearing, decreases the mode mixity *G* ~II~/*G* ~I~, consequently reducing the adhesion toughness *G* ~c~. By considering the interlayer shearing and sliding effect, the mode I and mode II toughnesses are shown to be independent of the number of graphene layers. Accounting for the interlayer shearing and sliding effect on the fracture mode mixity explains the behaviour reported in the literature^[@CR1]^, where adhesion toughness measurements seemingly depend on the film thickness (i.e., the number of graphene layers). Once the mode I and mode II adhesion toughnesses have been found, the linear failure criterion can accurately determine the adhesion toughness under general loading conditions for real-world applications of graphene film-substrate systems.

Results {#Sec2}
=======

Circular blister test under a pressure load {#Sec3}
-------------------------------------------

Figure [1](#Fig1){ref-type="fig"} shows two types of circular blister test to determine the adhesion toughness of mono- and multilayer graphene films. The blister has a crack tip radius *R* ~B~, the thickness of the monolayer graphene is *t*, *n* represents the number of graphene layers and the Young's modulus of graphene is *E*. In Fig. [1a](#Fig1){ref-type="fig"}, the blister is under pressure loading^[@CR1]^. According to Jensen^[@CR13],[@CR14]^, the deflection *δ* at the centre of the blister in the membrane limit is$$\documentclass[12pt]{minimal}
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At this stage, the effect of interlayer shearing and sliding on the fracture mode mixity can be introduced. An introduction to mixed-mode partition theory is given in Supplementary Note [1](#MOESM1){ref-type="media"}. This theory is then developed and extended for the thin film blister test in Supplementary Note [2](#MOESM1){ref-type="media"}. The mode I and II energy release rates (ERRs) are obtained as^[@CR16]--[@CR20]^ $$\documentclass[12pt]{minimal}
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                \begin{document}$$\bar \zeta \left( \nu \right) = 3.442\left[ {\left( {1 - \nu ^2} \right)\varphi } \right]^{{1 / 2}}$$\end{document}$$In the case of monolayer graphene films, the shear force in Eq. ([5](#Equ5){ref-type=""}) makes no contribution to the ERR in the membrane limit because there is no interlayer shearing and sliding. In the case of multilayer graphene films, interlayer shearing and sliding occurs near the blister crack tip, caused by the transition from membrane stretching to combined bending, stretching and through-thickness shearing. Consequently, interlayer shearing and sliding activates the shear force in Eq. ([5](#Equ5){ref-type=""}). Its action is introduced through the *λ* parameter in conjunction with the interlayer shearing and sliding factor *S*(*n*), which is assumed to take the following form:$$\documentclass[12pt]{minimal}
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A more thorough and detailed explanation for the origin of *λ* is given in Supplementary Note [2](#MOESM1){ref-type="media"}.

The total ERR is simply the sum of the mode I ERR *G* ~I~ in Eq. ([7](#Equ7){ref-type=""}) and the mode II ERR *G* ~II~ in Eq. ([8](#Equ8){ref-type=""}). The mode mixity-dependent adhesion toughness *G* ~c~ can now be determined by using the mode I and mode II adhesion toughnesses and a linear failure criterion in which *G* ~c~ = (1 + *ρ*)/(1/*G* ~Ic~ + *ρ*/*G* ~IIc~). Note that *G* ~Ic~ and *G* ~IIc~ are intrinsic interface material properties but *G* ~c~ is not. One major aim of the present study is to determine values for *G* ~Ic~ and *G* ~IIc~ based on Koenig et al.'s^[@CR1]^ experimental results. Once these two properties are known, the adhesion toughness under other loading conditions can be readily calculated.

The total ERR, which includes the contributions from the crack tip bending moment *M* ~B~ in Eq. ([3](#Equ3){ref-type=""}), the in-plane force *N* ~B~ in Eq. ([4](#Equ4){ref-type=""}), and the crack tip shear force *P* ~B~ in Eq. ([5](#Equ5){ref-type=""}), can also be written in terms of the *G* ~J~ component from Jensen's work^[@CR13],[@CR14]^, which does not account for the interlayer shearing and sliding effect, and the additional interlayer shearing and sliding component from the present work *G* ~s~, as follows:$$\documentclass[12pt]{minimal}
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Koenig et al.^[@CR1]^ found that *Et* = 347 N m^−1^ with *E* ≈ 1 TPa. Taking Poisson's ratio *ν* = 0.16 (following ref. ^[@CR1]^), then Eqs. ([2](#Equ2){ref-type=""}), ([6](#Equ6){ref-type=""}), ([12](#Equ12){ref-type=""}) and ([16](#Equ16){ref-type=""}) give *f*(0.16) = 0.6907, *φ*(0.16) = 0.3099, $\documentclass[12pt]{minimal}
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Note that Koenig et al.^[@CR1]^ used *G* ~J~ = 0.655 *pδ*, which is very close to Eq. ([18](#Equ18){ref-type=""}) in the present work. Furthermore, by combining either Eqs. ([8](#Equ8){ref-type=""}) and ([15](#Equ15){ref-type=""}), or Eqs. ([19](#Equ19){ref-type=""}), ([21](#Equ21){ref-type=""}) and *G* ~II~(1 + 1/*ρ*) = *G* ~J~(1 + *η*), then$$\documentclass[12pt]{minimal}
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In the following, the pressure *p*, the central deflection *δ* and the radius *R* ~B~ of the multilayer graphene film blisters are taken from figures in Koenig et al.'s^[@CR1]^ [Supplementary Information](#Sec7){ref-type="sec"}. The results are presented in Fig. [2](#Fig2){ref-type="fig"}. In Fig. [2a--c](#Fig2){ref-type="fig"}, the calculated values of *λ*, *η* and *ρ*, respectively, for monolayer and multilayer graphene films are plotted based on the measured values of *p* and *δ* from Koenig et al.^[@CR1]^. In Fig. [2d](#Fig2){ref-type="fig"}, the calculated adhesion toughness *G* ~c~ is plotted vs. the fracture mode mixity *ρ*. In Fig. [2e, f](#Fig2){ref-type="fig"}, comparisons are made between the measured values of *p*, *δ* and *R* ~B~, and the present mechanical model for graphene films with different numbers of layers. Note that the 'Theory' curve in Fig. [2e](#Fig2){ref-type="fig"} is obtained by substituting Eqs. ([7](#Equ7){ref-type=""}) and ([8](#Equ8){ref-type=""}) into the linear failure criterion and solving for *p*; then for Fig. [2f](#Fig2){ref-type="fig"}, use of Eq. ([1](#Equ1){ref-type=""}) recasts the theory in terms of *R* ~B~ and *δ*. There is generally very good agreement between the present mechanical model and the experimental measurements^[@CR1]^.Fig. 2Delaminating graphene films under a pressure load. **a**--**c** Plots showing calculated values of the interlayer shearing and sliding parameter *λ* (**a**), the ratio *η* = *G* ~S~/*G* ~J~ (**b**) and the fracture mode mixity *ρ* = *G* ~II~/*G* ~I~ (**c**) based on the measured values of *p* and *δ*, and the material properties of monolayer graphene. **d** Plot showing adhesion toughness *G* ~c~ vs. the fracture mode mixity *ρ*. **e**, **f** Plots showing the measured and theoretical relationships between the pressure load *p* (**e**) and the blister radius *R* ~B~ (**f**) vs. the deflection at the centre of the blister *δ*

The numerical data for Fig. [2](#Fig2){ref-type="fig"} is also recorded in Supplementary Tables [1](#MOESM1){ref-type="media"}--[5](#MOESM1){ref-type="media"} for mono-, two-, three-, four- and five-layer graphene film blisters, respectively. To keep consistency with Koenig et al.^[@CR1]^, results are calculated using the pressure *p* and the central deflection *δ* meaning that *G* ~J~ = 0.6517* pδ* and $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar \lambda $$\end{document}$. The values of the *λ* parameter, based on Koenig et al.\'s^[@CR1]^ measurements, are recorded in Supplementary Tables [1](#MOESM1){ref-type="media"}--[15](#MOESM1){ref-type="media"}. There is a large decrease from monolayer to two-layer graphene films and then only a small decrease from two-layer to three-layer graphene films. For the three-, four- and five-layer graphene films, the values of the *λ* parameter are very close to each other. This shows the typical interlayer shearing and sliding behaviour.

The average adhesion toughnesses are *G* ~c~ = 0.424, 0.362, 0.389, 0.348 and 0.359 J m^−2^ for the mono-, two-, three-, four- and five-layer graphene film blisters, respectively, which correspond to the following mode mixities *ρ* = *G* ~II~/*G* ~I~ = 2.319, 1.400, 1.259, 1.263 and 1.272. There is a large decrease in mode mixity for two-layer graphene film blisters in comparison to monolayer films, which results in a large decrease in the adhesion toughness. For higher numbers of graphene layers, the adhesion toughness does not change significantly from the two-layer case as there are no significant changes in mode mixity. An overall average adhesion toughness for multilayer graphene films blisters is *G* ~c~ = 0.365 J m^−2^ with *ρ* = *G* ~II~/*G* ~I~ = 1.299. These results are shown in Table [1](#Tab1){ref-type="table"}.Table 1Average adhesion toughness of multilayer graphene films*G* ~J~ (J m^−2^)*G* ~c~ (J m^−2^)*ρ* = *G* ~II~/*G* ~I~Present mechanical modelKoenig et al.^[@CR1]^Present mechanical modelKoenig et al.^[@CR1]^Present mechanical modelKoenig et al.^[@CR1]^Monolayer0.4240.4500.4240.4502.3192.320Multilayer0.2950.3100.3650.3101.2992.320

Now the mode I and mode II adhesion toughnesses, *G* ~Ic~ and *G* ~IIc~, are considered. He et al.^[@CR4]^ showed that the van der Waals interaction energy remains nearly the same for graphene films with any number of layers at 0.266 J m^−2^. This suggests that *G* ~Ic~ and *G* ~IIc~ are the same for interfaces between monolayer graphene films and silicon oxide substrates, and between multilayer graphene films and silicon oxide substrates. As adhesion toughness is generally very small, a linear failure criterion can provide an accurate representation of the fracture mechanics in question^[@CR18]^.

Let subscripts '1' and '2+' represent values for monolayer and multilayer graphene films, respectively. Substituting the monolayer and multilayer results from Table [1](#Tab1){ref-type="table"} into the linear failure criterion and solving simultaneously gives$$\documentclass[12pt]{minimal}
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It is interesting to note that *G* ~Ic~ = 0.230 J m^−2^ is very close to He et al.'s^[@CR4]^ theoretical calculation of the van der Waals interaction energy at 0.266 J m^−2^. In fact, the van der Waals interaction energy is essentially the same in concept as the mode I adhesion toughness. The mode I adhesion toughness *G* ~Ic~ can be determined using atomic force microscopy measurements^[@CR3]^ and JKR model as$$\documentclass[12pt]{minimal}
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In the following section, the theory developed above for the circular blister test under pressure loading and the determined values of *G* ~Ic~ = 0.230 J m^−2^ and *G* ~IIc~ = 0.666 J m^−2^ will be used to predict adhesion toughness under point loading in order to examine the validity of the approach.

Circular blister test under a point load {#Sec4}
----------------------------------------

A blister under a point load *P* (refs. ^[@CR10],[@CR13]^) is shown in Fig. [1b](#Fig1){ref-type="fig"}. The mechanical model for it is very similar to the model developed above for a pressure load. Some essential formulae are recorded here. Fitting a curve to the data in Jensen's^[@CR13]^ Fig. 15 gives *φ*(*ν*) as$$\documentclass[12pt]{minimal}
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The function *f*(*ν*) now becomes$$\documentclass[12pt]{minimal}
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The pressure load *p* can now simply be replaced everywhere with $\documentclass[12pt]{minimal}
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                \begin{document}$$P /\left( {\pi R_{\mathrm{B}}^2} \right)$$\end{document}$. By making this substitution in Eqs. ([3](#Equ3){ref-type=""}) to ([5](#Equ5){ref-type=""}), the mode I and II ERRs can be obtained as^[@CR16]--[@CR20]^ $$\documentclass[12pt]{minimal}
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In addition, Eqs. ([11](#Equ11){ref-type=""}) and ([15](#Equ15){ref-type=""}) become, respectively$$\documentclass[12pt]{minimal}
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Taking Poisson's ratio *ν* = 0.16, then Eqs. ([26](#Equ26){ref-type=""}), ([27](#Equ27){ref-type=""}), ([12](#Equ12){ref-type=""}) and ([16](#Equ16){ref-type=""}) give *φ*(0.16) = 0.4636, *f*(0.16) = 1.497, $\documentclass[12pt]{minimal}
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                \begin{document}$$G_{{\mathrm{II}}} = 0.8809G_{\mathrm{J}}$$\end{document}$$From Eq. ([35](#Equ35){ref-type=""}), it can be seen that *ρ* = 7.407 for monolayer graphene under a point load, which is much larger than for the pressure loading condition at *ρ* = 2.319. The adhesion toughness for monolayer graphene under a point load can be estimated using *G* ~Ic~ = 0.230 J m^−2^, *G* ~IIc~ = 0.666 J m^−2^ and a linear failure criterion to be *G* ~c~ = 0.543 J m^−2^, which is clearly larger than for the pressure loading case at *G* ~c~ = 0.424 J m^−2^.

The adhesion toughness for multilayer graphene under point loading can be estimated in a similar way as above for pressure loading but now using experimental data from Zong et al.^[@CR5]^ in which they used nanoparticles to create a point load on five-layer graphene membrane blisters. The blisters typically possessed a radius *R* ~B~ in the range 250--300 nm and central deflection *δ* in the range 50--70 nm. They used the formula *G* ~c~ = 0.0625*nEt*(*δ*/*R* ~B~)^[@CR4]^ with *E* = 0.5 TPa and *nt* = 1.7 nm. Note that Zong et al.'s^[@CR5]^ value for *E* is half of that used by Koenig et al.^[@CR1]^, and that *n* ≈ 5. Zong et al. reported the adhesion toughness as *G* ~c~ = 0.151 J m^−2^ meaning that *δ*/*R* ~B~ = 0.2309. When using Koenig et al.'s^[@CR1]^ value of *E* = 1.0 TPa, then Eq. ([32](#Equ32){ref-type=""}) gives *G* ~J~ = 0.360 J m^−2^, and Eq. ([14](#Equ14){ref-type=""}) gives the total measured adhesion toughness as *G* ~c~ = 0.438 J m^−2^. Now using *ρ* = 2.624 from Eq. ([35](#Equ35){ref-type=""}), the linear failure criterion, and the mode I and mode II adhesion toughnesses, *G* ~Ic~ = 0.230 J m^−2^ and *G* ~IIc~ = 0.666 J m^−2^, the predicted value of *G* ~c~ is *G* ~c~ = 0.437 J m^−2^, which is extremely close to measured *G* ~c~ = 0.438 J m^−2^.

It can be seen that the mode mixity plays a key role in determining the adhesion toughness and that the accuracy of *G* ~Ic~ = 0.230 J m^−2^, *G* ~IIc~ = 0.666 J m^−2^ and the linear failure criterion is very good.

Figure [3](#Fig3){ref-type="fig"} shows the behaviour of delaminating graphene films under a point load. Figure [3a--c](#Fig3){ref-type="fig"} follows the same style as Fig. [2d--f](#Fig2){ref-type="fig"}; however, the measured data^[@CR5]^ is now only for films with five layers. In particular, it is seen in Fig. [3c](#Fig3){ref-type="fig"} that the measured value of *δ*/*R* ~B~ = 0.2309 is very close to the theoretical prediction of *δ*/*R* ~B~ = 0.2298.Fig. 3Delaminating graphene films under a point load. **a** Plot showing adhesion toughness *G* ~c~ vs. the fracture mode mixity *ρ*. **b**,**c** Plots showing the theoretical relationships between the point load *P* (**b**) and the blister radius *R* ~B~ (**c**) vs. the deflection at the centre of the blister *δ*. Note that the average measured value of *δ*/*R* ~B~ = 0.2309 for five-layer graphene is also shown

Discussion {#Sec5}
==========

In recent work^[@CR21],[@CR22]^ (following ref. ^[@CR1]^), Boddeti et al. reported further studies on the adhesion toughness between monolayer graphene and silicon oxide substrates. The adhesion toughness was found to be *G* ~c~ = 0.24 J m^−2^, which is significantly smaller than *G* ~c~ = 0.45 J m^−2^, reported by Koenig et al.^[@CR1]^. Boddeti et al.^[@CR21]^ suggest that the difference arises from the differences in interface properties such as roughness and chemical reactivity between the samples in ref. ^[@CR1]^ and the samples in refs. ^[@CR21],[@CR22]^. In line with this suggestion, the present work suggests that the reduction is caused by reduction of the mode I and mode II adhesion toughnesses at the interface, *G* ~Ic~ and *G* ~IIc~, which are now estimated. Taking the Young's modulus and Poisson's ratio still as *E* = 1 TPa and *ν* = 0.16, Eq. ([22](#Equ22){ref-type=""}) gives the mode II ERR components at failure as *G* ~II~ = 0.6986 × 0.24 = 0.168 J m^−2^. Then the mode I ERR component at failure is easily obtained as *G* ~I~ = 0.072 J m^−2^. If the ratio between *G* ~Ic~ and *G* ~IIc~ is taken to be the same as that in ref. ^[@CR1]^, i.e., *G* ~IIc~/*G* ~Ic~ = 2.896, then *G* ~Ic~ and *G* ~IIc~ are then calculated to be *G* ~Ic~ = 0.130 J m^−2^ and *G* ~IIc~ = 0.377 J m^−2^. Clearly they are significantly smaller than *G* ~Ic~ = 0.230 J m^−2^ and *G* ~IIc~ = 0.666 J m^−2^ for the samples in ref. ^[@CR1]^. More information on adhesion toughness of graphene can be found in the latest review paper^[@CR23]^.

The methodology developed above is also applied in the authors' recent work (manuscript in review) to determine the mode I and mode II adhesion toughness of thin films by using blister tests. The analytical predictions agree very well with the experimental results reported by Cao et al.^[@CR11]^.

It should be noted that a general methodology has been presented, and the substrate should not be restricted to silicon oxide substrates. Furthermore, the 'adhesion energy' commonly used in the literature is generally different from the adhesion toughness unless the mode I adhesion toughness is equal to mode II adhesion toughness, which is not generally the case. It is the adhesion toughness that matters for the design of graphene film-substrate material systems.
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